Huntington's disease (HD) is a hereditary neurological disease caused by expended CAG repeats in the HD gene, which codes for a protein called Huntingtin (Htt). The resultant mutant Huntingtin (mHtt) forms aggregates in neurons and causes neuronal dysfunction. In astrocytes, the largest population of brain cells, mHtt also exists. We report herein that astrocyte-conditioned medium (ACM) collected from astrocytes of R6/2 mice (a mouse model of HD) caused primary cortical neurons to grow less-mature neurites, migrate more slowly, and exhibit lower calcium influx after depolarization than those maintained in wild-type (WT) ACM. Using a cytokine antibody array and ELISA assays, we demonstrated that the amount of a chemokine [chemokine (C-C motif) ligand 5 (CCL5)/regulated on activation normal T cell expressed and secreted (RANTES)] released by R6/2 astrocytes was much less than that by WT astrocytes. When cortical neurons were treated with the indicated ACM, supplementation with recombinant CCL5/RANTES ameliorated the neuronal deficiency caused by HD-ACM, whereas removing CCL5/RANTES from WT-ACM using an anti-CCL5/RANTES antibody mimicked the effects evoked by HD-ACM. Quantitative PCR and promoter analyses demonstrated that mHtt hindered the activation of the CCL5/RANTES promoter by reducing the availability of nuclear factor B-p65 and, hence, reduced the transcript level of CCL5/RANTES. Moreover, ELISA assays and immunocytochemical staining revealed that mHtt retained the residual CCL5/RANTES inside R6/2 astrocytes. In line with the above findings, elevated cytosolic CCL5/RANTES levels were also observed in the brains of two mouse models of HD [R6/2 and Hdh (CAG)150 ] and human HD patients. These findings suggest that mHtt hinders one major trophic function of astrocytes which might contribute to the neuronal dysfunction of HD.
Introduction
Huntington's disease (HD) is an autosomal dominant neurodegenerative disease characterized by chorea, dementia, and psychiatric symptoms. The causative mutation is a CAG trinucleotide expansion in exon 1 of the Huntington (HD) gene, which is translated into polyglutamine residues (polyQ) in the Huntingtin (Htt) protein. When the number of CAG repeats exceeds 36, Htt forms aggregates in the nuclei of neurons and might hijack a wide variety of proteins, including key transcriptional factors, which lead to transcriptional dysfunction, and eventually causes neuronal degeneration (Sugars and Rubinsztein, 2003; Li and Li, 2004) . Previous studies also demonstrated that normal Htt protein functions in intracellular vesicle transport, whereas polyQexpanded mutant Htt (mHtt) suppresses vesicle transport and disturbs the secretion of trophic factors [e.g., brain-derived neurotrophic factor (BDNF) (Gauthier et al., 2004) ]. As a result, HD neurons exhibit shorter neurites, fewer numbers of dendritic spines, degenerated axons, abnormal neuronal activities, and eventual cell death in several specific brains areas, including the striatum and cortex (Klapstein et al., 2001; Spires et al., 2004) .
In addition to neurons, mHtt has also been found in many different types of cells, including glial cells in the brain, muscle cells, and liver hepatocytes (Orth et al., 2003; Shin et al., 2005; Chiang et al., 2007) . In the CNS, astrocytes are the largest cell population and play multiple roles in the brain. The functions of astrocytes include promoting neuronal survival and plasticity, removing toxic materials (e.g., glutamate and free radicals), and providing gliotransmitters to neurons through neuronal-glial in-teractions (Volterra and Meldolesi, 2005) . With these important characteristics, astrocytes have been implicated in several major neuronal degenerative diseases such as Parkinson's disease, Alzheimer's disease, and HD (Maccioni et al., 2001; Vila et al., 2001; Shin et al., 2005) . The mHtt was previously found in reactive astrocytes of HD patients and mouse models and is believed to play a pathogenic role in HD (Singhrao et al., 1998; Hebb et al., 1999; Shin et al., 2005) . In HD astrocytes, the glutamate transporter is impaired and thus disables their ability to protect neurons against glutamate-mediated excitotoxicity (Shin et al., 2005) .
One major class of mediators for astrocytes comprises the chemokine family. In the present study, we found that primary astrocytes prepared from a transgenic mouse model of HD (R6/2) produced and secreted less chemokine (C-C motif) ligand 5 (CCL5)/regulated on activation normal T cell expressed and secreted (RANTES) (an important chemokine) than wild-type (WT) astrocytes. Through activating at least three different receptors (CCR1, CCR3, and CCR5), CCL5/RANTES exhibits diverse functions, including modulation of neuronal migration, regulation of proliferation and/or differentiation of astrocytes, and mediation of inflammation in neuronal diseases (Bolin et al., 1998; Appay and Rowland-Jones, 2001; Bakhiet et al., 2001) . We demonstrate herein that mHtt reduced the expression of CCL5/ RANTES at the transcriptional level in astrocytes as well as retained the residual CCL5/RANTES inside astrocytes. Such dysregulation of CCL5/RANTES in astrocytes greatly reduced the availability of CCL5/RANTES to neurons and is thought to possibly play an important role in the neuronal dysfunction of HD.
Materials and Methods
Primary astrocyte and neuron cultures. Primary astrocytes were purified from neonatal (ϳ1-2 d of age) brains of R6/2 HD mice (Mangiarini et al., 1996) and their littermates as the WT control. In brief, the indicated brain areas (e.g., cortices, striatum, and cerebellum) were carefully removed, digested with 0.05% trypsin-EDTA (Invitrogen, Grand Island, NY) at 37°C for 10 min, and then mechanically dissociated by gentle pipetting and passed through a 70-m-pore nylon mesh. Cells were plated onto poly-L-lysine-coated dishes and grown in DMEM (Invitrogen) supplemented with 10% v/v heat-inactivated fetal bovine serum (FBS) and 1% penicillin/streptomycin at 37°C in a humidified 5% CO 2 -containing atmosphere. Offspring were identified by a PCR-based genotyping technique of genomic DNA extracted from mice tails using the primers (5Ј-CCGCTCAGGTTCTGCTTTTA-3Ј and 5Ј-GGCTGAG-GAAGCTGAGGAG-3Ј) suggested by The Jackson Laboratory (Bar Harbor, ME). Mutant Htt expression was measured by a mouse monoclonal anti-human Htt antibody (EM48) (1:200 dilution; Millipore Bioscience Research Reagents, Temecula, CA). The purity of the primary astrocyte cultures was determined by immunocytochemical staining using an antibody against an astrocyte-specific marker (GFAP, dilution 1:1000; Sigma, St. Louis, MO) or a microglia-specific marker (anti-CD11b, dilution 1:200; Serotec, Oxford, UK). At 30 d in vitro (DIV), 99% of the primary cultured cells were GFAP positive. No detectable CD11b-positive cells (i.e., microglia) were found (supplemental Fig. S1 , available at www.jneurosci.org as supplemental material).
Primary neuronal cultures were prepared from brains of Sprague Dawley rat fetuses on embryonic day 18 (E18) to E19 as described previously (Brewer et al., 1993) . Briefly, embryo cortices were digested with 0.25% trypsin-EDTA for 10 min at 37°C and mechanically dissociated by gentle pipetting in modified Eagle's medium supplemented with 5% v/v FBS, 5% v/v horse serum, 0.6% v/v glucose, 0.5 mM glutamine, 1% penicillin/streptomycin, and 1% insulin-transferrin-sodium selenite media supplement (ITS mixture; Sigma). Cells were plated on poly-L-lysinecoated culture dishes. After a 3 h incubation, the cultured medium was replaced with a Neurobasal medium supplemented with 0.5 mM glutamine, 12.5 M glutamate, 2% B27, and 1% penicillin/streptomycin.
The purity of neuronal cultures was determined by immunocytochemical staining using an antibody against a neuron-specific marker, class III ␤-tubulin (TUJ-1) (dilution, 1:1000; Promega, Madison, WI).
Astrocyte-conditioned medium and cytokine antibody arrays. To prepare astrocyte-conditioned medium (ACM), primary astrocytes prepared from WT or R6/2 mice were cultured at the same density (30 DIV; 1.5 ϫ 10 6 in 100 mm plates) in DMEM supplemented with 10% FBS for 2 d, washed twice with HBSS, and then cultured in serum-free DMEM for an additional 3 d. The ACM was then collected, centrifuged at 500 ϫ g for 5 min to remove cell debris, and stored at Ϫ80°C until further analysis.
Cytokine antibody array. Levels of cytokines/chemokines in the ACM were assessed using the mouse cytokine Ab array (RayBio; RayBiotech, Norcross, GA) following the protocol of the manufacturer. Signal intensities of each cytokine were quantified using the MetaMorph software and were normalized with the positive controls on the same membrane.
Immunochemical staining. Cells or brain sections were fixed with 4% paraformaldehyde plus 4% sucrose in PBS, pH 7.4, at room temperature (RT) for 30 min and then permeabilized with 0.1% Triton X-100 at RT for an additional 30 min. Nonspecific antibody binding was blocked by incubating cells with 2% normal goat serum plus 2% bovine serum albumin (BSA) in PBS for 1 h at RT and incubated with the desired primary antibody at 4°C for 18 h, followed by incubation with the corresponding secondary antibody for 2 h at RT. The anti-mouse and anti-human antibodies of CCL5/RANTES and CCL2/monocyte chemoattractant protein-1 (MCP-1) were obtained from R&D Systems (Minneapolis, MN) and were used in immunochemical analyses following the protocols of the manufacture. Nuclei were stained with 4Ј,6Ј-diamidino-2-phenylindole (DAPI). Fluorescence-immunostained samples were mounted with 50% glycerol. Patterns of immunostaining were analyzed with the aid of MetaMorph software (Universal Imaging Corporation, West Chester, PA) and a CCD microscope (Zeiss, Göttingen, Germany) or a confocal microscope (Radiance 2100 Confocal; Bio-Rad, Henel Hempstead, Hertfordshire, UK).
Neurite branching, sprouting, and outgrowth. The neuronal fiber length was quantified based on an equation described in the MetaMorph software as follows: (1/4) ϫ [P ϩ ͌(P 2 Ϫ 16 A)], where P is the perimeter, and A is the area. The neurite branching was quantified by dividing the number of neurite endfeet by the number of neuronal sprouts.
Migration assay. Primary cortical neurons, at a density of 2 ϫ 10 6 cells/well, were plated onto transwell membrane inserts (8 m pore size, 35 mm; Corning, New York, NY) and cultured in neurobasal medium plus B27 (NB) in both the upper and lower chambers for 4 d. Half of the medium in the lower chamber was then replaced with the indicated ACM containing the anti-CCL5/RANTES (0.2 g/ml, R&D Systems), normal goat IgG (0.2 g/ml) (Sigma), or recombinant mouse CCL5/RANTES (450 pg/ml; R&D Systems) for an additional 18 h. Cells migrating through the pores adhered to the underside of the transwell membrane and were fixed with 4% paraformaldehyde plus 4% sucrose in PBS for 30 min and counterstained with 0.1% crystal violet (Sigma) for 30 min. Cells on the upper side of the chamber were wiped out, and cells that had migrated to the underside were observed and photographed. Cells from five fields of each transwell were calculated. Three independent experiments were conducted. Measurement of calcium influx. Primary cortical neurons were seeded onto 42 ϫ 0.17 mm coverslides at a density of 3 ϫ 10 6 cells per slide. At 4 DIV, half of the medium was removed and replaced with the desired ACM. Cells were then incubated for an additional 4 d before the calcium imaging experiments. To measure the intracellular free calcium levels, neurons were incubated with fura-2 (5 M; Invitrogen) for 30 min at 37°C, and excess dye was removed. Basal-level Ca 2ϩ imaging was first recorded for 50 s, and then cells were stimulated with a high external potassium concentration (60 mM) using a steady flow-through device. Fura-2 image ratios (with excitation at 340 and 380 nm and emission at 510 nm) were acquired using a CCD camera system (Cool SNAP HQ Digital monochrome charge-coupled device, ICX285AL; Roper Scientific, Duluth, GA). The intracellular Ca 2ϩ concentration was calculated based on the 340 to 380 nm ratio (R340/380) using the Metafluor image analysis system (Universal Imaging Corporation, Philadelphia, PA ELISA. Levels of CCL5/RANTES and CCL2/MCP-1 were determined using a mouse RANTES/CCL5 or a mouse CCL2/MCP-1 DuoSet ELISA Development System (R&D Systems) following the manufacturer protocol. Briefly, 96-well microplates were coated overnight with the Capture antibody, blocked with 1% BSA in PBS, and extensively washed. Samples or standards (100 l) were added to the microplates, incubated for 2 h at RT, and washed extensively, followed by a 2 h incubation with the biotinconjugated Detection antibody and a 30 min incubation with streptavidin-HRP plus substrate for signal development. The optical density of each well was detected using a microplate reader set to 450 nm, and readings were subtracted from those at 540 nm (ELISA Reader: Spectra MAX 340PC; Molecular Devices, Union City, CA). The amount of chemokines in each sample was calculated based on the standard curve prepared in the same experiment. To avoid potential interfering factors in cell lysates, the levels of chemokines in cell lysates were also neutralized with the corresponding neutralizing antibody following the manufacturer protocol.
RNA purification and quantitative-PCR. RNA purification and cDNA synthesis were performed using TRIZOL and Superscript II (Invitrogen), respectively, following the manufacturer protocols. The quantitative real-time PCR (Q-PCR) was performed with the LightCycler FastStart DNA Master PLUS SYBR Green I kit with a Roche Lightcycler (Roche Molecular Biochemicals, Mannheim, Germany) as described previously (Chou et al., 2005) . The PCRs were processed under the following conditions: 95°C for 10 min, followed by 40 cycles of 95°C for10 s, 60°C for 10 s, and 72°C for 20 s. At least three different batches of cDNA and three independent PCRs were examined and normalized with the expression of the reference gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Data were analyzed using RelQuant software (Roche Molecular Biochemicals). Primer sets are listed in supplemental Table S1 (available at www.jneurosci.org as supplemental material).
Constructs. The promoter region of the mouse CCL5/RANTES gene (GenBank accession number AB051897) was amplified using the PCR technique and subcloned into the pGL-3 basic vector harboring a luciferase reporter gene (Promega). The primers used in the PCRs are listed in supplemental Table S1 (available at www.jneurosci.org as supplemental material). The pcDNA3.1-Htt-(Q) 25 -hrGFP and pcDNA3.1-Htt-(Q) 109 -hrGFP constructs encoding an N-terminal fragment of Htt with the indicated number of polyQ residues fused to humanized Renilla green fluorescent protein (hrGFP) were created as described previously . To create the DNA encoding DeRed:CCL5/RAN-TES, the coding region of mouse CCL5/RANTES was amplified from mouse brain cDNA using primers listed in Table S1 (available at www.jneurosci.org as supplemental material). The resultant DNA fragment was then subcloned into the C terminus of a red fluorescent protein, dsRed (Clontech, Palo Alto, CA) using standard molecular biological approaches. Expression constructs of nuclear factor B (NFB) and specificity protein 1 (Sp1) were generous gifts from Dr. Yi-Wen Liu (Graduate Institute of Biomedical and Biopharmaceutical Sciences, National Chiayi University, Chiayi, Taiwan) and Dr. Jan-Jong Hung (Center for Bioscience and Biotechnology, National Cheng Kung University, Tainan, Taiwan), respectively. The expression construct of high mobility group 1 protein (HMG-1) was purchased from Geneservice (Cambridge, UK). The CCL5/RANTES promoter mutants were created by a two-step PCR technique as described previously (Horton et al., 1989) with primers listed in supplemental Table S1 (available at www.jneurosci.org as supplemental material) and with pGL3-CCL5-P (-1064/-16) as the DNA template. The resultant DNA fragments contained double-point mutations at the NFB-binding site. The PCR product was then subcloned into the pGL3-basic vector by standard molecular biology approaches. Mutations were confirmed by DNA sequencing.
Transfection and luciferase activity assay. Two days before transfection, primary astrocytes were seeded onto a six-well plate with 5 ϫ 10 5 cells per well. Cells were transiently transfected with the desired DNAs using Lipofectamine 2000 (Invitrogen) following the manufacturer protocol. Luciferase activities of 20 l of lysate were determined following the manufacturer protocol using a TD-20/20 Luminometer (Promega) and normalized to the amount of proteins in the lysate. Four independent experiments using at least two different preparations of plasmids were performed for each condition.
SDS-PAGE and Western blotting. Protein concentrations were determined using the Bio-Rad Protein Assay Dye Reagent Concentrate (BioRad, Hercules, CA). Samples were loaded and separated on 10% SDSpolyacrylamide gels. After electrophoresis, the gels were transferred to nitrocellulose membranes and blocked with 5% skim milk in TBST (0.2 M Tris-base, 1.37 M NaCl, and 0.05% Tween 20) and probed with the indicated antibody at 4°C overnight. The membranes were then incubated with a peroxidase-conjugated secondary antibody for 1 h at RT and washed three times with PBS. The immunoreactive bands were stained using a light-emitting nonradioactive method (ECL; Fujifilm, Tokyo, Japan). For Western blot analyses, we used 1:1000 dilution for the anti-NFB-p65 (Novus Biologicals, Littleton, CO).
Chromatin immunoprecipitation assay. Chromatin immunoprecipitation (ChIP) assays were performed using a ChIP kit purchased from Upstate Biotechnology (Millipore Corporation, Billerica, MA). In brief, primary astrocytes were fixed with 1% formaldehyde for 10 min at RT for DNA cross linking. The reaction was terminated by adding glycine (125 mM). Cells were washed twice with ice-cold PBS, resuspended in L1 buffer (50 mM Tris, pH 8.0, 2 mM EDTA, 0.1% NP-40, 10% Glycerol, and 1ϫ complete protease mixture (Roche, Nutley, NJ), and disrupted by passing them through G25 needles. Nuclear fractions were harvested by a 2 min centrifugation at 13,000 ϫ g at 4°C and then resuspended in L2 buffer (50 mM Tris, pH 8.0, 5 mM EDTA, 1% SDS, and 1ϫ complete protease mixture). DNA was fragmented into ϳ500 -1000 bp by a sonicator (Sonicator Ultrasonic processor; Misonix, Farmingdale, NY). The ChIP reactions were conducted following the manufacturer protocol using an anti-p65 antibody (Upstate Biotechnology) or an anti-histone H3 (Abcam, Cambridgeshire, UK). After immunoprecipitation, the DNA fragment harboring the p65 binding region of the CCL5/RANTES promoter was amplified by quantitative-PCR using the primers listed in supplemental Table S1 (available at www.jneurosci.org as supplemental material). Values for the relative intensities were determined by normalizing the DNA signal pulled down by the anti-p65 antibody with that obtained using the anti-histone H3 antibody in each group and are expressed as percentages of signals from WT astrocytes.
Human brain tissue. Paraffin-embedded human brain sections were obtained from the National Institute of Child Health and Human Development Brain and Tissue Bank for Developmental Disorders (University of Maryland, Baltimore, MD) and the Mayo Clinic College of Medicine (Jacksonville, FL). The demographic data and clinical phenotypes of these subjects are summarized in Table 1 . Shin et al. (2005) reported previously that aggregates of mHtt exist in astrocytes. To assess whether mHtt affects the trophic function of astrocytes, we cultured primary astrocytes from cortices of WT mice and R6/2 mice, a transgenic mouse model of HD (Mangiarini et al., 1996) . Consistent with Shin et al. (2005) , aggregates of mHtt were observed in HD astrocytes after 30 DIV but not in those prepared from WT mice ( Fig. 1 A, B ) (supplemental Fig. S2 A, available at www.jneurosci.org as supplemental material). Expression of mHtt was also detected in primary astrocytes from HD mice by both the reverse transcription-PCR method and Western blot analysis (data not shown). Likewise, aggregates of mHtt were detected in astrocytes of various brain areas of R6/2 mice but not in those of WT mice (supplemental Fig. S2 B, available at www.jneurosci.org as supplemental material). Collectively, these data suggest that mHtt exists and forms aggregates in R6/2 astrocytes both in vivo and in vitro.
Results

R6/2 astrocytes are defective in releasing CCL5/RANTES, a chemokine important for neuronal function
We then set out to determine whether the expression of mHtt alters the ability of astrocytes to release trophic factors and/or chemokines important for neuronal function and activities. Primary astrocytes (at 30 DIV) from WT or R6/2 mice seeded at the same density were cultured in serum-free DMEM for 3 d to produce ACM. Primary cortical neurons (at 4 DIV) were cultured in the presence of the indicated medium (50%, v/v) for 4 d. Neurites were visualized by immunostaining using a neuron-specific antibody (TUJ-1). As shown in Figure 1C -E, neurons cultured with R6/2-ACM exhibited shorter processes ( Fig. 1 F) and fewer branchings ( Fig. 1G ) than those with either WT-ACM or fresh NB. No difference in the number of sproutings was detected in neurons cultured with R6/2-and WT-ACM ( Fig. 1 H) . These observations suggest that astrocytic factors present in ACM might be important for the development of neuronal processes and maturity. In addition, the expression of mHtt in astrocytes is likely to jeopardize the availability of astrocytic factor(s) in ACM. We next examined the expression levels of 62 different cytokines and chemokines in WT-and R6/2-ACM using a cytokine antibody array. Because low levels of signals are prone to artifacts, spots with intensities of less than one-tenth of the positive controls on the same membrane were considered to be negative. By this standard, the levels of most chemokines/cytokines (including those of the interleukin family) were too low to be reliably detected. We verified this assumption by measuring the level of one chemokine (CCL11/eotaxin) with intensity that was approximately one-tenth of the positive control using ELISA. In 100 l of WT-or R6/2-ACM, no trace of CCL11/eotaxin could be detected using a mouse CCL11/eotaxin ELISA kit (data not shown). In all, only 13 cytokines/chemokines were reproducibly detected in ACM (supplemental Table S2 , available at www.jneurosci.org as supplemental material). Among these, only the level of CCL5/ RANTES was consistently altered in R6/2-ACM compared with WT-ACM. As shown in Figure 2 A, the level of CCL5/RANTES in R6/2-ACM was much lower than that in WT-ACM. ELISA analyses further demonstrated that the amount of CCL5/RANTES in WT-ACM was markedly higher than that in R6/2-ACM (320 Ϯ 20 vs 80 Ϯ 10 pg/ml, respectively; seven different batches of ACM) (Fig. 2 B) . In contrast, no significant difference in the amounts of another chemokine, CCL2/MCP-1, in WT-ACM and R6/2-ACM was detected. ELISA analyses revealed that the amounts of CCL2/MCP-1 in WT-ACM and R6/2-ACM were 414 Ϯ 59 and 387 Ϯ 81 pg/ml (three different batches of ACM), respectively. Expression of mHtt therefore appeared to selectively reduce the amount of CCL5/RANTES secreted by astrocytes. Most interestingly, defective release of CCL5/RANTES in cortical astrocytes prepared from R6/2 mice was also observed in primary astrocytes prepared from the striatum (but not the cerebellum) of R6/2 mice (Fig. 2C ). This observation is of great interest, because the most notable damages of HD occur to the cortex and striatum, suggesting a potential functional relevance of the reduced availability of CCL5/RANTES in HD. In the following experiments, astrocytes prepared from cortices were used unless stated otherwise.
To examine the function of CCL5/RANTES, the effect of a neutralizing anti-CCL5/RANTES antibody, which removed CCL5/RANTES from the ACM, was tested. As shown in Figure  2 B, the addition of this neutralizing anti-CCL5/RANTES antibody effectively reduced CCL5/RANTES levels in WT-ACM. Supplementation of R6/2-ACM with recombinant CCL5/ RANTES (450 pg/ml) consistently increased the levels of CCL5/ RANTES detected (Fig. 2 B) .
To investigate the contribution of astrocytic CCL5/RANTES to neuronal functions, primary rat cortical neurons were prepared. At 4 DIV, the cortical neurons were cultured in the presence of the indicated ACM (50%, v/v) for an additional 4 d. At this stage (4 DIV), at least two receptors (CCR1 and CCR5) of CCL5/RANTES could be detected in cortical neurons using the reverse transcription-PCR technique (supplemental Fig. S3A , available at www.jneurosci.org as supplemental material). Note that the amino acid sequences of CCL5/RANTES and its major receptors are highly homologous between the mouse and rat (94% and 92% identities for CCL5/RANTES and CCR5, respectively). The function and regulation of CCL5/RANTES in the mouse and rat, therefore, are likely to be very similar, thus justifying the use of rat neurons in the following experiments.
We examined whether a deficiency of CCL5/RANTES in R6/ 2-ACM led to reduced neurite development as observed in Figure  1 . Neurons cultured in WT-ACM, but not those in R6/2-ACM, developed long and well-branched neuronal processes (Fig.  3 A, B) . Adding the CCL5/RANTES neutralizing antibody to WT-ACM markedly suppressed the length and branching of cortical neurites (Fig. 3C) . Supplementation of R6/2-ACM with recombinant CCL5/RANTES (450 ng/ml) to a level similar to that in WT-ACM significantly increased the length of the neuronal processes (Fig. 3D) . The amount of CCL5/RANTES for the supplementation experiment was chosen to provide a sufficient amount of CCL5/RANTES found in WT ACM after a 4 DIV incubation. These data indicate that CCL5/RANTES secreted by astrocytes is critical for promoting neurite outgrowth in cortical neurons.
Because CCL5/RANTES has been shown to evoke neuronal migration (Bolin et al., 1998) , we next examined the ability of WT-and R6/2-ACM to induce neuronal migration using a transwell approach. As shown in Figure 4 , more neurons cultured with WT-ACM migrated to the underside of the transwell than those grown in R6/2-ACM. Adding the neutralizing anti-CCL5/ RANTES antibody to WT-ACM reduced neuronal migration (Fig. 4C,E) . It was interesting to find that, although supplementing R6/2-ACM with recombinant CCL5/RANTES increased neuronal migration, the effect of the added recombinant CCL5/ RANTES was not as effective as WT-ACM (Fig. 4 A, B, D, E) , suggesting that CCL5/RANTES might not be the only molecule in ACM that plays important roles in the migration of cortical neurons. Alternatively, it is equally plausible that R6/2 astrocytes To verify the specificity of the CCL5/RANTES signal, an anti-CCL5/RANTES neutralizing goat IgG (0.2 g/ml) or a normal goat IgG (0.2 g/ml) was added to the ACM as indicated. To reconstitute R6/2-ACM for further functional assays, recombinant mouse CCL5/RANTES (450 pg/ml) was added to R6/2-ACM and analyzed for the levels of CCL5/RANTES as shown. Values are presented as the mean Ϯ SEM of 12 determinations from four different batches of ACM. Statistical analyses were conducted using Student's t test followed by the Mann-Whitney rank sum test. **p Ͻ 0.001, compared with WT-ACM containing the control IgG. C, Astrocytes from different brain areas of the indicated animals were prepared. Levels of CCL5/RANTES in the WTand R6/2-ACM were determined by ELISA. Values are presented as the mean Ϯ SEM from three different batches of ACM. Statistical analyses were conducted using Student's t test (*p Ͻ 0.05, compared with WT-ACM containing the control IgG).
might secrete an undesirable factor at a low level that inhibits cortical neuron migration.
To further assess the role of CCL5/ RANTES in regulating neuronal activity, we determined the depolarization (high K ϩ , 60 mM)-induced Ca 2ϩ elevations of neurons treated with ACM. As described above, cortical neurons were cultured with either WT-or R6/2-ACM from 4 to 8 DIV. In addition to the deficiency in neurite development, neurons maintained in the presence of R6/2-ACM also exhibited much lower Ca 2ϩ elevation after depolarization when compared with those cultured in WT-ACM. Again, removing CCL5/RANTES from WT-ACM using the anti-CCL5/RANTES neutralizing antibody suppressed the calcium response, whereas supplementation of R6/2-ACM with recombinant CCL5/RANTES restored the calcium response (Fig. 5) .
Collectively, the above data demonstrate that CCL5/RANTES is an important astrocytic factor for neuronal maintenance of proper functions, and that expression of mHtt in astrocytes suppresses their ability to release CCL5/RANTES. mHtt reduces the expression of CCL5/ RANTES at the transcriptional level in astrocytes mHtt has been shown to suppress the activities of many transcription factors (e.g., cAMP response element-binding protein, NFB, and Sp1) and subsequently causes transcriptional dysfunction (Dunah et al., 2002; Chiang et al., 2005 Chiang et al., , 2007 Zhai et al., 2005) . Because a conserved NFB/Sp1 binding site (Ϫ151 to Ϫ126, ϩ1 as the transcriptional start site) is present in the CCL5/ RANTES promoter [GenBank accession number AB051897 (Miyamoto et al., 2000; Kim et al., 2004 )], we thus investigated whether mHtt suppressed the amount of secreted astrocytic CCL5/RANTES by reducing the gene expression of CCL5/ RANTES in astrocytes. Using a Q-PCR technique, we found that the level of CCL5/RANTES transcript was lower than that in WT astrocytes. Primary astrocytes (30 DIV) were harvested for total RNA collection and used for the quantitative RT-PCR analysis. Expression levels of CCL5/RANTES were normalized to that of GAPDH. When compared with those in WT astrocytes, the relative transcript levels of CCL5/RANTES in R6/2 astrocytes were 52 Ϯ 19% (mean Ϯ SEM of four independent experiments; p Ͻ 0.05, Student's t test). To determine whether mHtt suppresses the expression of CCL5/RANTES by inhibiting its promoter, a pGL3-CCL5/RANTES promoter construct, pGL3-CCL5-P (Ϫ1064/Ϫ16) , was created and transfected into primary WT or R6/2 astrocytes for 48 h. The luciferase activity of each transfectant was measured and normalized to the protein content. Values are expressed as percentages of the promoter activity in WT astrocytes. When compared with that in WT astrocytes, the relative promoter activity of pGL3-CCL5-P (Ϫ1064/Ϫ16) in R6/2 astrocytes was also less (69.9 Ϯ 5.2%; mean Ϯ SEM of 12 determinants from four independent experiments; p Ͻ 0.001, Student's t test).
To verify this finding, we also cotransfected the CCL5/ RANTES promoter construct with either Htt-(Q) 25 -hrGFP or Htt-(Q) 109 -hrGFP into primary WT astrocytes. Consistently, expression of polyQ-expanded Htt suppressed the CCL5/RANTES promoter by ϳ35% (Fig. 6 A) . mHtt thus appeared to suppress the expression of CCL5/RANTES at the transcriptional level in astrocytes. To locate the DNA region responsible for the above suppressive effect, four additional 5Ј-deleted CCL5/RANTES promoter constructs were created and transfected into WT astrocytes along with mHtt harboring 25Q or 109Q. The suppressive effect of 109Q-Htt persisted when the CCL5/RANTES gene fragment was 5Ј-deleted to Ϫ159 bp. Promoter activity was not detectable when the promoter fragment was deleted to Ϫ76 bp (Fig. 6 A) . The core promoter of mouse CCL5/RANTES gene therefore appears to be located in the region of Ϫ159 to Ϫ16 bp. This finding is consistent with the reported core promoter (Ϫ194 to Ϫ1 bp) of the human CCL5/RANTES gene (Miyamoto et al., 2000) . Moreover, mHtt inhibited astrocytic expression of CCL5/RANTES by suppressing its core promoter activity. Interestingly, a shared binding site for two transcription factors (NFB and Sp1), the functions of which are affected by mHtt (Dunah et al., 2002; Takano and Gusella, 2002; Zhai et al., 2005) , is located in the core promoter region (Ϫ118 to Ϫ107 bp). To determine the transcription factor involved in the suppression of the CCL5/RANTES promoter by mHtt, we transfected WT astrocytes with the CCL5/RANTES promoter construct pGL3-RANTES-P (Ϫ1064/Ϫ16) , an expression construct of the desired transcription factor, and the construct of mHtt harboring 25Q or 109Q as indicated. In addition to NFB and Sp1, two additional transcription factors (HMG-1 and p53), which do not bind to the core promoter region of CCL5/RANTES gene, were also tested. p53 is of interest, because its activity was shown to be altered in HD (Bae et al., 2005) , and therefore it can serve as a useful control in this experiment. As shown in Figure 6 B, elevation of NFB/p65, but not the other three transcription factors including Sp1, effectively recovered the suppressive effect of mHtt on the CCL5/RANTES promoter. Although transfection of Sp1 elevated the promoter activity, mHtt remained effective in suppressing the CCL5/RANTES promoter. Sp1 thus appeared to be important for astrocytic expression of CCL5/RANTES but might not be involved in the mHtt-mediated inhibition of CCL5/ RANTES observed in the present study. In contrast, dysregulation of NFB/p65 might contribute to the reduced CCL5/RAN-TES expression by mHtt. To verify the importance of NFB/p65 in suppressing CCL5/RANTES by mHtt, we mutated the NFBresponse element of the CCL5/RANTES promoter. Two mutants that contain mutations at the p65 binding site (Ϫ159 to approximately Ϫ142; M1) or the binding sites of p65 plus p50 (another NFB member, Ϫ161 to approximately Ϫ139; M2) were created. The resultant CCL5/RANTES promoter mutants, M1 and M2, exhibited lower promoter activity and were not suppressed by mHtt (Fig. 6C) . Overexpression of NFB/p65 reversed only the inhibition of the CCL5/RANTES promoter (pGL3-CCL5-P (Ϫ1064/Ϫ16) ) but not that of the mutated M1 or M2 promoter. These results support the hypothesis that a functional NFB site is located in the promoter region of the CCL5/RANTES gene and that NFB is involved in mHtt-evoked suppression of the CCL5/ RANTES gene. Consistent with this hypothesis, Western blot analyses of nuclear extracts of WT and R6/2 astrocytes showed that the level of NFB/p65 in R6/2 astrocytes was lower than that in WT astrocytes (Fig. 6 D) . ChIP assays further demonstrated that chromatin, containing the Ϫ245 to Ϫ16 bp region of the CCL5/RANTES gene, could be pulled down by an anti-NFB/ p65 antibody and detected by quantitative-PCR. Primary WT or R6/2 astrocytes (30 DIV) were cross linked and processed for the ChIP assay using an anti-NFB-p65 or anti-histone H3 antibody as described in Materials and Methods. Values for the relative signal intensities were determined by normalizing the DNA signal pulled down by the anti-p65 antibody with that obtained using the anti-histone H3 antibody in each group and are expressed as a percentage of the signal from WT astrocytes. When compared with those in WT astrocytes, the relative ChIP signal obtained using an anti-p65 antibody in R6/2 astrocytes were 26.4 Ϯ 9.8% (mean Ϯ SEM of seven independent experiments; p Ͻ 0.001, Student's t test). Therefore, NFB/p65 is important for the astrocytic expression of the CCL5/RANTES gene in vivo. Collectively, these findings suggest that mutant Htt reduces the availability of NFB/p65 and subsequently hinders transcription of the CCL5/RANTES gene in astrocytes.
Besides CCL5/RANTES, the transcript level of another NFB-driven gene (CCR5, a CCL5/RANTES receptor) was markedly lower in HD astrocytes (supplemental Fig.  S3B , available at www.jneurosci.org as supplemental material). This observation is consistent with previous studies where parallel regulation of CCL5/RANTES and CCR5 was reported (Kim et al., 2006; Li et al., 2006) . However, expressions of three other genes [manganese superoxide dismutase 1 (SOD1), manganese superoxide dismutase 2 (SOD2), and adenosine A 2A receptors (A 2A Rs) (Das et al., 1995; Xu et al., 1999; Morello et al., 2006) ], which also contain one or more NFB binding sites in their promoter regions were not altered in HD astrocytes. When compared with those in WT astrocytes, the relative transcript levels of SOD1, SOD2, and A 2A Rs in R6/2 astrocytes were 93.9 Ϯ 1.6, 108.0 Ϯ 1.2, and 94.0 Ϯ 9.3%, respectively (mean Ϯ SEM of three independent experiments). This discrepancy in the responses to a reduction in NFB is not surprising, because NFB-response elements from different genes can have different affinities toward NFB. In addition, other transcription factors might manipulate and contribute to regulating of NFB-mediated genes (Henriquet et al., 2007) . mHtt hinders the secretion of residual CCL5/RANTES from astrocytes Note that although the level of CCL5/RANTES in R6/2-ACM was reduced by ϳ75% when compared with that of WT-ACM (Fig.  2) , mHtt suppressed the expression of CCL5/RANTES gene only by ϳ50%. mHtt therefore might inhibit the production of astrocytic CCL5/RANTES by at least two pathways. Besides transcription disruption, mHtt has also been shown to abnormally bind with intracellular proteins and alter protein secretion (Fusco et al., 2003; Gunawardena and Goldstein, 2005; Desai et al., 2006) . In contrast to the lower extracellular level of CCL5/RANTES in R6/2 astrocytes, immunocytochemical analyses also detected much stronger intracellular CCL5/RANTES signals in R6/2 as- trocytes than in WT astrocytes (Fig. 7A) . The CCL5/RANTES fluorescence intensities in 3 d cultures of WT and R6/2 astrocytes were quantified and are expressed as percentages of fluorescence levels in R6/2 astrocytes. When compared with those in R6/2 astrocytes, the relative CCL5/RANTES intensity in WT astrocytes was 23.5 Ϯ 4.6% (mean Ϯ SEM of at least 200 cells from three independent experiments; p Ͻ 0.001, Student's t test followed by the Mann-Whitney rank sum test). The average intracellular intensity of CCL5/RANTES signals in R6/2 astrocytes was approximately fourfold that in WT astrocytes. In line with this finding, ELISA analyses revealed that the cytosolic contents of CCL5/ RANTES in R6/2 astrocytes were much higher than those in WT astrocytes. The levels of cytosolic CCL5/RANTES in WT and R6/2 astrocytes were 292.5 Ϯ 31.5 and 965.0 Ϯ 248.9 pg/ng lysate (16 determinations from eight different batches; p Ͻ 0.05, Student's t test), respectively. The intracellularly accumulated CCL5/ RANTES might reflect a defect in the release of CCL5/RANTES by astrocytes in the presence of mHtt as observed in Figure 2 B. To test the above hypothesis, we created a construct encoding CCL5/ RANTES fused with a red fluorescence protein (DsRed; Clontech) at its N terminus. Similar to the distribution of endogenous CCL5/RANTES, transfection of the resultant cDNA (DsRed: CCL5) and Htt-(Q) 25 -hrGFP to WT astrocytes led to even distribution of DsRed:CCL5 in the cytoplasmic organelles. On the contrary, expression of Htt-(Q) 109 -hrGFP caused a marked increase in the intracellular accumulation of DsRed:CCL5/ RANTES (Fig. 7B) . This finding supports our hypothesis that mHtt jeopardizes the secretion of CCL5/RANTES by astrocytes.
To verify whether the secretory machinery of CCL5/RANTES was impaired by mHtt in R6/2 astrocytes, we next treated astrocytes with Brefeldin A (BFA) (10 g/ml) (Fig. 7C,D) (supplemental Fig. S4 , available at www.jneurosci.org as supplemental material) for 4 h to disrupt the function of Golgi apparatus and thus block the release of cytokines (Hunziker et al., 1992; BandeiraMelo et al., 2002) . ELISA and immunocytochemical analyses were used to detect the amount of CCL5/RANTES in ACM and the intracellular level of CCL5/RANTES, respectively. In agreement with the blocking of cytokine release by BFA, the level of CCL5/RANTES was markedly reduced in BFA-treated WT-ACM. No effect of BFA was found in the amount of CCL5/ RANTES in R6/2-ACM (Fig. 7C) . Quantitative analyses of the intracellular CCL5/RANTES level measured by immunocytochemical staining revealed that intracellular CCL5/RANTES was significantly enhanced by BFA treatment in WT astrocytes but not in R6/2 astrocytes (Fig. 7D ) (supplemental Fig. S4 , available at www.jneurosci.org as supplemental material). In this set of experiments for BFA treatment, the level of intracellular CCL5/ RANTES was determined after 4 h incubation, which was much shorter than the standard 3 d incubation used in other experiments. Because of the shorter incubation in Figure 7D , the difference in the intracellular CCL5/RANTES levels (4 h accumulation) between WT and R6/2 astrocytes in control condition was less significant than that of 3 d accumulation. Nevertheless, these observations collectively indicate that CCL5/RANTES is constitutively secreted from WT astrocytes and that the secretory machinery is defective in R6/2 astrocytes. Note that BFA treatment effectively reduced the release of CCL2/MCP-1 from WT and R6/2 astrocytes to a comparable extent (supplemental Fig. S5B , available at www.jneurosci.org as supplemental material). Therefore, the sensitivities of R6/2 and WT astrocytes to BFA were similar.
Because a reduced ability to secrete CCL5/RANTES by astrocytes is expected to cause abnormal accumulation of CCL5/ RANTES, we next performed experiments to verify whether abnormal accumulation of CCL5/RANTES also occurred in vivo. Immunohistochemical staining revealed that the accumulation of CCL5/RANTES in astrocytes was found in the brains of two mouse models of HD [R6/2 (Fig. 8 A) and Hdh (CAG)150 (Fig.  8 B) ]. R6/2 mice express exon 1 of the human Htt containing 144 repeats and exhibit pathological characters of HD at ϳ9 -11 weeks of age (Mangiarini et al., 1996) . Hdh (CAG)150 mice harbor the Htt homolog gene (Hdh) containing 150 copies of polyQ and show neurological abnormalities at ϳ15 months of age when only one copy of the poly-Q-expanded Hdh gene exists (Lin et al., 2001) . Consistent with our hypothesis, CCL5/RANTES signals were readily found in the brains of both HD mouse models but only very rarely and at much lower levels in WT brains (Fig. 8C) . Most importantly, marked accumulation of CCL5/RANTES in Figure 5 . CCL5/RANTES in ACM maintained proper neuronal activity. Primary neurons (at 4 DIV) cultured in the indicated ACM containing the control IgG (0.2 g/ml), the anti-CCL5/ RANTES IgG (0.2 g/ml), or the recombinant CCL5/RANTES (450 ng/ml) as indicated for 4 d. Cells were loaded with fura-2 (5 M) and stimulated with 60 mM K ϩ (marked by the arrow). A, Representative traces depict the [Ca 2ϩ ] i elevation evoked by the high external K ϩ as indicated. B, The maximal calcium response after depolarization was quantified using Metafluor software. At least 100 cells for each condition were analyzed. Values are expressed as percentages of the calcium in WT astrocytes and represent the mean Ϯ SEM of four independent experiments. a p Ͻ 0.05, compared with WT-ACM containing the control IgG; b p Ͻ 0.05, compared with R6/2-ACM containing the control IgG, by Student's t test followed by the MannWhitney rank sum test.
astrocytes was also found in the frontal cortex, substantia nigra, and caudate nucleus of human HD patients (Table.1 ). In the brains of age-matched non-HD controls, signal of CCL5/RANTES in astrocytes was not detected in 80% of the cases examined. Only two cases of non-HD controls exhibited weak signals in the frontal cortex. In sharp contrast, all brain areas of HD patients tested contained strong CCL5/RANTES signals, which had a punctuate/aggregate appearance similar to those in the primary R6/2 astrocytes (Fig. 9, Table 1 ). These CCL5/RANTES signals were tightly associated with those of GFAP, strongly arguing that CCL5/RANTES accumulated in the astrocytes of HD patients. Unlike CCL5/ RANTES, only sparse signals of CCL2/ MCP-1 were detected within astrocytes in the brains of both WT and R6/2 mice (supplemental Fig. S5A , available at www. jneurosci.org as supplemental material). Most importantly, no difference in the cytosolic CCL2/MCP-1 was found in the astrocytes of HD patients and non-HD controls (supplemental Fig. S6 , available at www.jneurosci.org as supplemental material). The release machinery of CCL2/ MCP-1 in astrocytes therefore remained intact in HD. Together, these findings suggest that abnormal accumulation of CCL5/ Figure 6 . mHtt reduced the gene expression of CCL5/RANTES in astrocytes via reducing the nuclear level of NFB p65. A, The pcDNA3.1-( Q) 25 -Htt-hrGFP or pcDNA3.1-( Q) 109 -Htt-hrGFP construct was cotransfected with the indicated pGL3-CCL5 promoter construct at a ratio of 7:2 into primary WT astrocytes (30 DIV) for 48 h. The luciferase activity was measured and normalized to 4 the protein content. Values are expressed as percentages of the promoter activity of pGL3-CCL5-P (Ϫ1064/Ϫ16) in the presence of pcDNA3.1-( Q) 25 -Htt-hrGFP and represent the mean Ϯ SEM of four independent experiments. **p Ͻ 0.001, compared with that of the 25Q transfectant of each group, by paired t test. B, The pcDNA3.1-( Q) 25 -Htt-hrGFP or pcDNA3.1-( Q) 109 -Htt-hrGFP construct was cotransfected with pGL3-CCL5-P (Ϫ1064/Ϫ16) and an expression construct of the indicated transcription factor (NFB-p65, Sp1, p53, or HMG-1) at a ratio of 2:1:2 into primary WT astrocytes for 48 h. The luciferase activity was measured and normalized to the protein content. Values are expressed as percentages of the promoter activity of pGL3-CCL5-P (Ϫ1064/Ϫ16) in the presence of pcDNA3.1-( Q) 25 -Htt-hrGFP, but no overexpression of any transcription factor, and represent the mean Ϯ SEM of four independent experiments. **p Ͻ 0.001, compared with that in the 25Q transfectant of each group; paired t test. C, The indicated Htt construct with 109 copies of polyQ was cotransfected with the WT or the indicated NFB-null CCL5/RANTES promoter construct [pGL3-CCL5-P (Ϫ1064/Ϫ16) -M1 or pGL3-CCL5-P (Ϫ1064/Ϫ16) -M2] and an expression construct of NFBp65 as described above. The luciferase activity was measured and normalized to the protein content. Values are expressed as percentages of the promoter activity of pGL3-CCL5-P (Ϫ1064/ Ϫ16) in the presence of 25Q without any transcription factor and are presented as the mean Ϯ SEM of three independent experiments. *p Ͻ 0.01, Student's t test. D, Nuclear fractions (22 g per lane) collected from the indicated astrocytes were subjected to Western blot analysis. The level of nuclear NFB-p65 in R6/2 astrocyte was normalized with an internal control (lamin A) and compared with that of WT astrocytes. Data are presented as the mean Ϯ SEM from four independent experiments. **p Ͻ 0.001 compared with that in WT astrocytes, t test.
RANTES in astrocytes indeed occurred in HD patients, and that the abnormal accumulation of CCL5/RANTES was caused by a defect that selectively affected the secretion of CCL5/RANTES.
Discussion
The most important finding of the present study is the identification of an astrocytic defect that might contribute to neuronal dysfunction in HD. Our data reveal that mHtt suppresses the availability of astrocytic CCL5/RANTES to neurons through at least two different mechanisms: reduced transcription and defective release. This observation is consistent with previous studies demonstrating that many chemokines (including CCL5/RANTES) are simultaneously regulated at the gene transcription and protein secretion levels by a single stimulant/stress (Casola et al., 2002 ). It appears that defects in both transcription and release of CCL5/RANTES markedly affect the availability of astrocytic CCL5/ RANTES in HD.
Several lines of evidence suggest that mHtt might cause transcriptional dysregulation of CCL5/RANTES in astrocytes. First, the gene expression and promoter activity of CCL5/RANTES in R6/2 astrocytes were markedly reduced. Second, elevation of NFB (but not Sp1) ameliorated suppression of the RANTES/CCL5 gene by mHtt (Fig. 6 B) . The importance of NFB was further verified by mutating the NFB binding site on the CCL5/RANTES promoter (Fig. 6C) and by performing the ChIP assay using an anti-p65 antibody. NFB is a very important transcription factor that has been implicated previously in the neurotoxicity of HD. Using an HD model induced by a mitochondrial toxin, 3-nitropropionic acid (3NP), genetic removal of p50 (a subunit of NFB) suppressed NFB activity and enhanced the damage caused by 3NP in striatal neurons (Yu et al., 2000) . Aberrant regulation of NFB was also observed in neurons of two genetic mouse models of HD (Khoshnan et al., 2004) . Therefore, NFB is believed to exert a neuronal protective effect in HD. In the present study, our data reveal a novel regulation of NFB by mHtt in astrocytes, and that elevation of NFB might exert a protective role by providing a sufficient level of this vital astrocytic trophic factor for neurons.
In addition to transcriptional dysregulation of CCL5/RANTES by mHtt, we demonstrated that an additional layer of mHtt-evoked regulation occurs at the secretory process of CCL5/RANTES (Fig. 7) . Via assessing the abnormal accumulation of astrocytic CCL5/RANTES, we found that the secretary pathway of CCL5/RANTES in R6/2 astrocytes was impaired both in vitro (primary astrocytes) (Fig. 7) and in vivo (two HD mouse models and human HD patients) (Figs. 8, 9 ) (supplemental Fig.  S4 , available at www.jneurosci.org as supplemental material). Moreover, overexpression of mHtt also caused an accumulation of DsRed:CCL5 driven by the cytomegalovirus promoter in primary astrocytes (Fig. 7B) , further supporting our hypothesis that Figure 7 . mHtt suppressed the release of CCL5/RANTES from primary astrocytes. A, Immunostaining of CCL5/RANTES (green) and GFAP (red) was performed in primary astrocytes. Nuclei were stained with Hoechst 33258 (blue). CCL5/RANTES was enriched inside of R6/2 astrocytes (bottom) but not in WT astrocytes (top). Scale bar, 100 m. B, WT astrocytes were transfected with DsRed:CCL5 along with the Htt-( Q) 25 -hrGFP or Htt-( Q) 109 -hrGFP construct at a ratio of 1:1 for 48 h. Cells were fixed, and the fluorescent signals were detected using confocal microscopy. Scale bars, 20 m. C, D, Both WT and R6/2 astrocytes were treated with either 0.1% DMSO as a control or BFA (10 g/ml) for 4 h to block secretion of any newly synthesized CCL5/RANTES protein. Intracellular CCL5/RANTES levels were assessed by immunocytochemical staining using an anti-CCL5/RANTES. CCL5/RANTES accumulation was enhanced by BFA in WT astrocytes, but not in R6/2 astrocytes, as shown in supplemental Figure S4 (available at www.jneurosci.org as supplemental material). C, CCL5/RANTES released extracellularly from astrocytes was collected and detected using a CCL5/RANTES ELISA assay. D, The relative CCL5/RANTES fluorescence intensities of both vehicle-and BFA-treated WT and R6/2 astrocytes were quantified. Results are given as the mean Ϯ SEM from three independent assays and normalized to the CCL5/RANTES intensity in BFA-treated WT astrocytes. Approximately 1000 cells were quantified in each group. a p Ͻ 0.001 compared with the DMSO-treated control in WT astrocytes; b p Ͻ 0.001 compared with the BFA-treated WT astrocytes by Student's t test.
cytosolic CCL5/RANTES (or DsRed:CCL5) cannot be properly released by R6/2 astrocytes and therefore accumulates inside astrocytes. This defective release observed in R6/2 astrocytes appears to be specific to CCL5/RANTES, because release of another chemokine (CCL2/MCP-1) by R6/2 astrocytes was not affected. No abnormal accumulation of CCL2/MCP-1 inside astrocytes was found in either R6/2 mice or HD patients (supplemental Figs. S5A, S6, available at www.jneurosci.org as supplemental material). Such selectivity might be attributable to the fact that CCL5/ RANTES and CCL2/MCP-1 are stored in different compartments (Oynebraten et al., 2004) . To date, the molecular machinery responsible for the secretion of CCL5/RANTES in astrocytes is primarily unknown. In CD8 ϩ T cells, CCL5/RAN-TES is stored in a unique secretory vesicle [designated the RAN-TES storage vesicle (RSV) (Catalfamo et al., 2004) ]. This CCL5/ RANTES-specific RSV structure might explain the selective reduction in the astrocytic release of CCL5/RANTES by mHtt (supplemental Table S2 , available at www.jneurosci.org as supplemental material). It is also interesting to note that CCL5/ RANTES is colocalized with vesicle-associated membrane protein 2 (VAMP-2) in eosinophils. VAMP-2 is an important component of soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) complexes, which regulate membrane vesicle fusion and exocytosis (Lacy et al., 2001) . Because the formation of mHtt aggregates has been suggested to cause abnormalities in the SNARE machinery (Morton and Edwardson, 2001; Molinari and Sitia, 2005) , a defect in the SNARE machinery might account for the impairment of CCL5/RANTES secretion in R6/2 astrocytes. Alternatively, mHtt might interfere with other cellular components important for the secretion of CCL5/ RANTES. For example, aggregation of mHtt has been shown to wear out the protein degradation machinery and cause endoplasmic reticulum (ER) stress, which might subsequently lead to accumulation of misfolded proteins in ER and dysregulation of the secretory pathway (Kouroku et al., 2002; Molinari and Sitia, 2005) . This hypothesis is of particular interest, because BFA is an ER stressor (Elyaman et al. 2002) . BFA treatment of R6/2 astrocytes did not cause further retention of CCL5/RANTES inside R6/2 astrocytes, nor did it reduce the levels of CCL5/RANTES in R6/2-ACM (Fig.  7C,D) , which suggests that the same pathway might be used to suppress the secretion of CCL5/RANTES by both mHtt and BFA. Dysfunction of the ER and protein degradation machinery therefore might also mediate the defective secretion of CCL5/ RANTES. Besides suppressing the secretion and transcription of CCL5/RAN-TES as presented herein, mHtt also inhibits the release and transcription of another critical neurotrophic factor, BDNF (Zuccato et al., 2001 Gauthier et al., 2004; Humbert and Saudou, 2005; del Toro et al., 2006) . It is very likely that negative regulation of the secretion of trophic factors (e.g., CCL5/RANTES and BDNF) by mHtt is a crucial common pathway that significantly contributes to HD pathology.
Another interesting observation is that aggregates of mHtt in astrocytes could be found in both the cytoplasm and the nucleus. This is in contrast to what was observed in neurons, where aggregates of mHtt were primarily detected in the nucleus. In addition, the size of the aggregates in astrocytes was much smaller than that in neurons. These differences may be related to the different natures of astrocytes and neurons. Specifically, neurons cannot proliferate. Accumulated mHtt in neurons therefore cannot be diluted by proliferation and therefore has to somehow be removed through multiple mechanisms. In contrast, astrocytes possess the ability to proliferate, which might slow down the accumulation rate of mHtt. Note that CCL5/RANTES has also been shown to play complex regulatory roles in the differentiation and proliferation of astrocytes. CCL5/RANTES has opposite effects on the proliferation/survival of 5-and 10-week-old astrocytes. It was suggested that CCL5/RANTES can exhibit diverse functions at different stages (Bakhiet et al., 2001) . Thus, in addition to disrupting astrocyte-neuron homeostasis as suggested in the present study, reduced CCL5/RANTES expression in HD astrocytes might also cause dramatic impacts on their own survival, proliferation, and other cellular functions.
The functions of astrocytes in HD have been speculated on and documented. Previous focuses were on the roles of astrocytes in protecting neurons from excitotoxic insults. Specifically, several laboratories reported decreased expression of an astroglial glutamate transporter in HD. The subsequent lower astrocytic glutamate uptake might accelerate excitotoxicity and thus contribute to the neuronal damage caused by HD (Lievens et al., 2001 (Lievens et al., , 2005 Shin et al., 2005) . The present study, in contrast, points to a novel aspect of an astrocytic defect that might cause neuronal dysfunctions (e.g., shorter neurites and a fewer number of spines) in HD (Spires et al., 2004 ). Our data demonstrate that among molecules secreted by astrocytes, CCL5/RANTES plays a key role in supporting and maintaining proper neurite development and neuronal activity after stimulation (Figs. 3-5 ). This observation is consistent with a previous report that demon- strated that CCL5/RANTES functions as a neurotrophic factor and induces the migration of primary dorsal root ganglion sensory neurons (Bolin et al., 1998) . Note that CCL5/RANTES by itself can also trigger elevation of intracellular Ca 2ϩ in these cells (Bolin et al., 1998) . In the CNS, a major CCL5/RANTES receptor (CCR5) was found in both neurons and astrocytes. Activation of CCR5 causes inhibition of cAMP production, induction of Ca 2ϩ influx, and activation of phosphatidyl inositol 3-kinase (PI3K) and mitogen-activated protein kinases (MAPK) . Because MAPK and PI3K are important for neurite outgrowth (Cheng et al., 2002; Shibata et al., 2003; Goold and Gordon-Weeks, 2005) , it is likely that the action of CCL5/RANTES in neurite development of primary cortical neurons is mediated by MAPK and PI3K. Moreover, CCL5/RANTES may also modulate neuronal migration through upregulation of a protein (CDK5R2, p39) enriched in the growth cone, because p39 expression is induced by CCL5/RANTES stimulation (Valerio et al., 2004) . A lack of availability of CCL5/RANTES to neurons in HD therefore might result in less-developed neuronal processes, altered neuronal properties, and degenerated motor coordination as reported previously (Klapstein et al., 2001; Spires et al., 2004; Ariano et al., 2005) . In summary, the observed defect in releasing CCL5/RANTES in our primary astrocyte culture strongly suggests a dysregulation of neuronal-glial interactions in HD.
